Abstract In this study, a combination of the direct viable count procedure (DVC) and the FISH method was used to monitor by epifluorescence microscopy the abundance of viable E. coli in river water and wastewater samples. The DVC procedure consisted of exposing bacterial cells to a resuscitation medium containing antibiotics preventing cellular division and, thus, inducing an elongation of the viable cells. The FISH was performed using the "Colinsitu" probe specific for E. coli 16S r-RNA. Accuracy and detection limit of the epifluorescence microscopic DVC-FISH procedure were investigated. The method was then applied to river-water and wastewater samples. A good correlation was found in a log-log plot between the abundance of E. coli enumerated by a classical culture-based method (MPN method) and the DVC-FISH procedure. However, the DVC-FISH procedure gave consistently higher numbers. The ratio between both enumerations (DVC-FISH/MPN), which also indicated the ratio between viable and culturable E. coli, ranged between 2 and >30. It increased with decreasing abundance of culturable E. coli.
Introduction
Enumeration of E. coli is increasingly being used to assess microbiological water quality. Classical methods for enumerating E. coli are based on culture in liquid (most probable number, MPN) or on solid (plate counts) media. These methods are time-consuming (usually a minimum 24-h incubation) and do not allow detection of all the indicator bacteria in natural environments. Indeed, when released in natural waters, faecal bacteria have been shown to lose their ability to grow on culture media while preserving their viability (Colwell et al., 1985; Grimes and Colwell, 1986) . The presence of these viable but non-culturable (VBNC) bacteria in the environment could be important from a sanitary point of view, as some authors have suggested that pathogenic VBNC bacteria could maintain their virulence (Pommepuy et al., 1996) .
In this study, a combination of the direct viable count procedure (DVC) (Kogure et al., 1979) and the fluorescent in situ hybridisation (FISH) method was used to monitor by epifluorescence microscopy the abundance of viable E. coli in river-water and wastewater samples. The DVC procedure consisted of exposing bacterial cells to a resuscitation medium that contained antibiotics that prevented cellular division and, thus, induced an elongation of the viable cells. The FISH was performed using the "Colinsitu" probe (Regnault et al., 2000) specific for E. coli 16S r-RNA. The introduction of the DVC stage allowed (a) sufficient rRNA content in the viable (elongated) cells to be detectable after the FISH procedure by epifluorescence microscopy and (b) distinction between viable E. coli and nonviable E. coli. The results, obtained by the DVC-FISH procedure, were compared to those obtained with the same samples by the standardised MPN microplate method (detection of the β-D-glucuronidase activity of E. coli after 36-48 h at 44°C).
River-water samples were collected from different rivers of the Seine river hydrographical network (France), from small rivers upstream to any domestic wastewater discharge to the highly contaminated Seine river downstream of the Parisian area. Wastewater samples were collected at the entrance and at the outlet of different French wastewater treatment plants. The treatment in these plants included primary settling followed by an activated sludge process. All samples were collected in sterile 2-L bottles, kept at 4°C and analysed within 12 h.
Culture method
The standardised miniaturised MPN method (ISO 9308-3) using microplates (BIO-RAD) was used for the enumeration of culturable E. coli. In this method, based on the defined substrate approach (Edberg et al., 1989) , 200 µL of sample and decimal dilutions were added to each of the 96 wells of the microplate containing the substrate (4-methylumbelliferyl-β-D-glucuronide) in dehydrated form. (This substrate is hydrolysed by the β-D-glucuronidase, an enzyme specific to E. coli, and then releases a fluorescent compound (MUF) which can be detected under ultraviolet light.) The microplates were incubated for 36-48 h at 44°C and the presence of E. coli was evaluated in each well by detection of fluorescence. The number of positive (fluorescent) wells allowed calculation of E. coli abundance using a statistical analysis based on Poisson's law.
DVC-FISH procedure
The DVC-FISH procedure used in this study for E. coli enumeration was based on the procedure proposed by Regnault et al. (2000) , with some modifications. Water samples (1-100 mL) were filtered through 0.2 µm polycarbonate membrane (25 mm diameter). For the DVC procedure, the membrane was put on an absorbent pad previously soaked with 0.6 mL TCS broth supplemented with yeast extract (0.6% w/v), nalidixic acid (10 µg/mL) and ciprofloxacin (1 µg/mL) and incubated at 30°C for 4 h. Bacteria were fixed with PFA (3% w/v). For the FISH procedure, the membrane was transferred to a new pad soaked with 300 µL hybridisation buffer and then covered with 300 µL of hybridisation buffer containing probes. The hybridisation was performed for 2 h at 42°C. The "Colinsitu" probe (Regnault et al., 2000) labelled with CY3 dye at the 5′-end was used. The specificity of this probe for E .coli 16S rRNA had been clearly demonstrated by Regnault et al. (2000) and thus not tested in the present study. Eubacterial probe EUB338 labelled with FITC at its 5′ end was used as a control. After hybridisation, the filter was removed, covered with 2 mL pre-warmed washing buffer and incubated at 51°C for 20 min. The filter was then mounted on a glass slide and observed by epifluorescence microscopy. DVC-FISH positive events were enumerated on 100 microscopic fields. To avoid taking into account false positive signals (autofluorescent particle), each DVC-FISH positive event was confirmed to be a bacterium by checking its labelling by the EUB338 probe.
Results and discussion
Accuracy and detection limit of the epifluorescence microscopic DVC-FISH procedure were first investigated. For this, a pure strain of E. coli isolated from natural water was cultivated in a rich medium; during the exponential phase, cells were harvested by centrifugation, washed three times with sterile physiological solution and than spiked at four concentrations (3 × 10 2 -3 × 10 5 /100 mL) into natural water containing 1.5 × 10 8 /100 mL autochthonous bacteria and no E. coli. Enumeration of E. coli was performed in triplicate, just after spiking, by both methods (MPN and DVC-FISH) . In Figure 1 , the abundance measured by the DVC-FISH method is plotted against the abundance estimated by the MPN method. A significant correlation with a slope close to 1 was observed in the log-log plot, indicating that both methods gave similar data.
This demonstrated the ability of the DVC-FISH procedure proposed in this paper to enumerate low numbers of viable E. coli among a large abundance of non-targeted cells. The relative error (in %) was calculated for each E. coli enumeration performed by both methods (Table 1) .
For the MPN procedure, the relative error did not depend on the number of E. coli enumerated and was 20% on average -quite usual for this type of method. For the DVC-FISH method, the relative error decreased with increasing abundance of viable E. coli. The very high relative error for the concentration of 300 E. coli/100 mL was due to the very low number of positive events detected in the 100 microscopic fields observed for the enumeration. As 100 mL was filtered, and as the ratio between the filtration surface on the membrane and the number of microscopic fields was around 10,000, it meant that with a concentration of 300 E. coli/100 mL, three positive events could be expected in the 100 microscopic fields observed for the enumeration. Table 1 also shows that when the abundance reached 3,000 E. coli/100 mL the relative error of the DVC-FISH method was similar to the average relative error with the MPN method; for a higher abundance, the DVC-FISH method was more accurate than the culture method. On the basis of these data, we proposed a value of around 3,000 viable E. coli/100 mL as a detection limit, with an acceptable relative error, for the DVC-FISH procedure.
The DVC-FISH procedure was then used on river water and wastewater samples. For these samples, the filtered volume depended on the suspended matter (SM) content of the water as, in some cases, it was not possible to filter 100 mL due to the fouling of the membrane by the SM. A good correlation was found between the abundance of E. coli enumerated by the MPN method and the DVC-FISH procedure in a log-log plot (Figure 2) . However, the DVC-FISH procedure gave systematically higher numbers than the MPN method -the opposite to what was observed with the pure strain of E. coli in an exponential growth phase spiked in natural water (Figure 1) . In a previous study, using a DVC-FISH procedure for E. coli enumeration in drinkingwater, Delabre et al. (2001) also found a higher abundance with the FISH procedure than with a culture-based method. In our data, the ratio between both enumerations (DVC-FISH/MPN) ranged between 2 and >30. It increased with the decreasing abundance of culturable E. coli (Figure 3) . If we assume that the difference between estimates by both methods was due to VBNC E. coli detected by the DVC-FISH procedure and not by the MPN method, the ratio DVC-FISH/MPN indicated the ratio between viable E. coli on the one hand and culturable E. coli on the other. Our observations thus suggested that the proportion of viable but non-culturable E. coli increased in weakly contaminated waters, probably because of the more stressful conditions (low nutrient concentration, for example) for E. coli found in these waters.
Conclusions
Our results demonstrated that an epifluorescence microscopic DVC-FISH procedure could be used to enumerate viable E. coli in rivers and wastewaters. This method, opposite to culture-based methods, allowed a result to be obtained within a working day, but presently is too time-consuming to be considered for routine microbiological water analysis. In natural samples, the comparison of the DVC-FISH method with a culture-based method used for the routine microbiological control of surface waters suggested the presence of a large proportion of viable E. coli not detected by the classical methods. The presence in some samples of significant numbers of viable E. coli cells not detectable by the standardised culture-based methods should lead scientists to question the real significance of the routine microbiological water-quality analysis by classical methods and the deduced estimation of the sanitary risk.
